Climate change caused by land use/cover change (LUCC) is becoming a hot topic in current global change, especially the changes caused by the grassland degradation. In this paper, based on the baseline underlying surface data of 1993, the predicted underlying surface data which can be derived through overlaying the grassland degradation information to the map of baseline underlying surface, and the atmospheric forcing data of RCP 6.0 from CMIP5, climatological changes caused by future grassland changes for the years 2010-2020 and 2040-2050 with the Weather Research Forecast model (WRF) are simulated. The model-based analysis shows that future grassland degradation will significantly result in regional climate change. The grassland degradation in future could lead to an increasing trend of temperature in most areas and corresponding change range of the annual average temperature of −0.1 ∘ C-0.4 ∘ C, and it will cause a decreasing trend of precipitation and corresponding change range of the annual average precipitation of 10 mm-50 mm. This study identifies lines of evidence for effects of future grassland degradation on regional climate in Mongolia which provides meaningful decision-making information for the development and strategy plan making in Mongolia.
Introduction
During the last millennium, human beings have changed natural ecosystems, such as converting forest lands and grasslands into croplands, pastures, and bare soil [1] . The land use and cover changes (LUCC), in which the human activities play a dominant role, interact with the environment and have significant effects on the ecosystems at the local, regional, and global scales and consequently directly or indirectly exert great influence on the global climate changes [2] [3] [4] [5] . Anthropogenic climate changes gradually attracted worldwide concerns in recent years. The interaction mechanisms between land surface processes and climatic conditions have been increasingly investigated and modeled. These LUCC will continue to exert impacts on the climate in the future. The conversion from one land use/cover type to another is more often than an impermanent change. Thus any impact on the climate due to this change would not be short lived; rather it would be a long term effect having lasting effects on the climate [6] . Significant global warming occurred in the twentieth century and especially in the most recent decades. Global mean surface air temperature increased with a rate of 0.07 ∘ C per decade from 1906 to 2005 [7] . It seems that the magnitude of importance of LUCC on future climate can only be determined by knowing and understanding how certain land conversions directly impact on climate on regional scales.
It has long been known that climate change and LUCC influenced each other. The land use changes caused by human activities such as deforestation [8] [9] [10] [11] , grassland degradation [12, 13] , agriculture practice [14, 15] , and urbanization [16] [17] [18] all have some influences on the climate [19] , while at present most of the previous researches are aimed at the influences of climate change on LUCC [20] [21] [22] . As to Mongolia, what was concerned most was the grassland change caused by climate change, while the studies that focused on the effects of LUCC 2 Advances in Meteorology on climate, especially the effect of grassland change on climate in Mongolia, were not that much, since human activities are getting more and more active, which made LUCC influence the climate system at various temporal and spatial scales [23] [24] [25] . For example, the deforestation may lead to the temperature decrease in the tropic zone, while it may lead to the regional temperature decrease in the Frigid Zone [26] . It was turned out that the human activities may account for 90% of the reasons for the global warming according to the fourth assessment report of Intergovernmental Panel on Climate Change (IPCC AR4), and 1/3 of the global CO 2 increase was caused by land use change since the 1750s. It has been known that grassland can feed for livestock; at the same time, it could adjust the ecosystem and the climate system with its ecosystem service function. So the change of grassland and its effect on climate system are becoming a significant and hot issue on global change in recent years. Previous studies showed that increase of grassland since preindustrial times has caused an overall warming trend in both mean and extreme temperatures which is detectable in the observed temperature changes [27, 28] . The warming in both mean and extreme temperatures due to anthropogenic forcing other than land use is detected in all cases, whereas the relatively weak effect of natural climatic forcing is not detected in any research.
The grassland is an important land use type that plays an important role in the ecosystem services supply. It is of great significance to the grassland management to determine the changing trend of grassland productivity and its response to climate change [29] . It can be seen that previous studies are all focused on the effects of LUCC on climate but we can rarely find the study about the influences of grassland change on climate especially in Mongolia. Grassland is an important land cover type, and the change of grassland area would have a notable influence on the regional climate change. The impacts of LUCC on climate can be divided into two major categories: biogeochemical and biogeophysical. Biogeochemical processes can easily affect the regional climate through changing the chemical composition of the atmosphere. Biogeophysical processes affect the physical parameters that determine the amount of solar energy that is absorbed by the Earth's surface, as well as how this energy is distributed at the Earth's surface. The most important one of these parameters which is considered most often with respect to climate is albedo. The albedo of a region with high-quality grassland is lower than that of a desert. Changing the albedo by converting the land use and cover types, the amount of energy absorbed would change and reflect out of the region, and then the local climate would be affected. In addition, the land use activities also have significant effects on the characteristics of regional climate system, for example, the temperature, evapotranspiration, precipitation, atmospheric pressure, and, especially, the temperature and precipitation [30, 31] . The recent researches suggest that the LUCC may affect the extremes in temperature and precipitation [32] . Therefore, in this study, we will present some lines of evidence for future grassland change effect on regional climate based on simulations of precipitation and temperature in Mongolia. And the result would contribute to reasonable utilization of grassland and provide some theoretical and scientific support for the development and the strategy plan making in Mongolia.
Case Study Area
Mongolia is located in the middle of Asia with bordering Russia to the north and the Inner Mongolia region of China to the south, east, and west. It is the second-largest inland country all over the world with total area of 1.56 million km 2 . And its national territorial area ranks the 18th in the world. Most of the country's area is covered by steppes which accounting for more than 70% of the national area ( Figure 1 ). Mongolia is located in the Mongolian Plateau; its west, north, and middle are mountainous region; its eastern part is hills and plains and the southern part is Gobi desert. Mongolia is far away from the coast and has obvious inland climate characteristics. There is a large difference of the temperature daily and in seasons. The winter is cold and long and its summer is warm and short. According to the dates from Mongolia Meteorological Administration from 1960 to 2006, in northern Mongolia, the temperature is relatively low with annual average temperature of −5 ∘ C or even much lower; in the southern part of plain the annual average temperature is 4 ∘ C [33] . The hottest month is July, the average temperature in the areas of Altai County, Hangay County, Hövsgöl County, and Hentiy Nuruu is 10 ∘ C-15 ∘ C. The temperature in Gobi desert and the eastern plains of Mongolia is more than 20 ∘ C [34] . And average annual precipitation in Mongolia is 200-300 mm from 1980 to 2006 [35] . Global warming is a "natural phenomenon. " There has been a significant increase in global temperature since 1980s. In the recent 20 years, the global average temperature has risen by 0.74 ∘ C, while average temperature of Mongolia rose by 1.5 ∘ C to 2.5 ∘ C, which is two or three times the world average level [36] . The precipitation in Mongolia is not too much in the whole year. Storm and drought are the two main nature disasters for the agriculture and animal husbandry production.
The pillar industry in Mongolia's national economy is always stock farming. And approximately 30% of the population is nomadic or seminomadic. So grassland is quite important in Mongolia. Revealing the effects of grassland change on climate is of global importance in such a typical region. Its grassland is mainly divided into forest grassland, typical grassland, mountain grassland, desert grassland, and desert. Since the 1960s, due to overgrazing, herds imbalance, the excessive use of pastures, and the effects of global warming, the decrements of species in forest grassland, typical grassland, mountain grassland, desert grassland, and desert are 50%, 44.73%, 30.3%, 23.8%, and 26.7%, respectively. The forage grass of high quality was gradually recessed or replaced by inferior plants (bushes, shrubs, etc.) [37] . Many species of plants decreased greatly and forage value declined year by year. From 1961 to 2006, the rates of pasture production decline rate in forest grassland, typical grassland, mountain grassland, desert grassland, and desert are 40.54%, 52.17%, 39.28%, 33.33%, and 39.28%, respectively [33] . The above studies have shown that the situation of Mongolia's grassland degradation is serious and widespread deterioration of the pastures may lead to the increase of carbon dioxide and other greenhouse gases, thus making the temperature rise in Mongolia and the temperature rise will also cause the precipitation redistribution, make natural ecosystem out of balance, and even threaten the human food supply and living environment.
Data and Methodology

Underlying Surface Data and Atmospheric Forcing Data.
There are two types of input data in WRF model, the underlying surface data and atmospheric forcing data. An advanced very high resolution radiometer (AVHRR) grid data of 1 km × 1 km of the United States Geological Survey's (USGS) classification system spanning a 12-month period (April 1992-March 1993, henceforth, 1993) was used as the baseline underlying surface data in this study. And the predicted land use and cover grid data of 0.5 ∘ × 0.5 ∘ from 2010 to 2050 are derived from the database of Representative Concentration Pathway (RCP) 6.0. This database is developed by the Asia-Pacific Integrated Model (AIM) modeling team at the National Institute for Environmental Studies (NIES), Japan.
To investigate the effects of future grassland degradation on climate, we only used the grassland degradation information of the database, though change information of all kinds of land use and cover is available. Supposing that other types of land use and cover are constant, the new grassland area pixels derived from the database of RCP 6.0 were overlaid to the map of baseline underlying surface. Consequently, both of these two major underlying surface data were transformed to grid data of 50 km × 50 km by resampling. The fifth phase of the Coupled Model Intercomparison Project (CMIP5) produces a state-of-the-art multimodel dataset designed to advance our knowledge of climate variability and climate change. It provides projections of future climate change on two time scales, near term and long term. Model output of the latter of RCP 6.0 such as air temperature, specific humidity, sea level pressure, eastward wind, northward wind, and geopotential height from 2010 to 2050 was used as the atmospheric forcing dataset of WRF model.
Weather Research Forecast (WRF)
Model. The WRF model is a state-of-the-art atmospheric simulation system based on the Fifth-Generation Penn State/NCAR Mesoscale Model (MM5) and assimilation system was developed by some scientists and was used in many different institutes [38] , such as the National Center for Atmospheric Research (NCAR) and the Air Force Weather Agency (AFWA). They thought that the WRF project would be a multi-institutional effort to develop an advanced mesoscale forecast and data assimilation system that would be accurate, efficient, and scalable across a range of scales and over a host of computer platforms. A lot of previous researches have showed that the WRF is a good model to simulate the climate change in future and it has been widely used all over the world [39, 40] . Two dynamical core versions of WRF were developed in the process of application, the Advanced Research WRF (ARW), and the WRF-NMM (NMM). The former one was used to investigate the change of temperature and precipitation driven by future degradation of grassland in this study.
Experimental
Design. The WRF model based on the Eulerian mass solver was used to investigate the temperature and precipitation changes driven by future grassland degradation in this study. Two sets of tests (control test and simulated test) were designed; the baseline underlying surface and predicted underlying surface were used in the above two tests, respectively. Simulation from 2010 to 2050 with a constant underlying surface (the pattern of grassland as well as other land use and cover types in the study area is fixed to that of 1993, namely, baseline underlying surface) was implemented first, whose results are regarded as baseline. Then supposing other types of land use and cover constant, the new grassland area pixels derived from the database of RCP 6.0 were overlaid to the map of baseline underlying surface; finally the predicted underlying surfaces of 2010 and 2040 were obtained. Consequently, two major underlying surface data, baseline underlying surface data directly derived from AVHRR data of 1993 and predicted underlying surface data by overlaying the grassland degradation information to the map of baseline underlying surface, were obtained. The effects of future grassland degradation on climate can be measured by the difference of the simulated results with predicted underlying surface and baseline underlying surface. Consider the following:
where is the effects of future grassland degradation on climate, refers to average of annual and monthly temperatures and average of annual and monthly precipitations, and and are the simulated results of WRF model with predicted underlying surface and baseline underlying surface, respectively.
Results
The average effects of grassland degradation on temperature and precipitation for each period of 2010-2020 and 2040-2050 were simulated. In the simulation of two periods, the baseline underlying surface data and predicted underlying surface data were used. Concretely, the temperature and precipitation of each period of 2010-2020 and 2040-2050 with baseline underlying surface were obtained first. And then the simulation of temperature and precipitation of two periods of 2010-2020 and 2040-2050 were continuously implemented by using the predicted underlying surface of 2010, 2040, respectively. As described above, the effects of future grassland degradation on climate were measured by the difference of the simulated results with baseline and predicted underlying surfaces, which can also reduce the simulated bias induced by discontinuous simulation. The original simulated results were hourly and aggregated into average annual data and average monthly data.
Effects on the Annual Average Temperature.
The grassland is an important land use type that plays an important role in the ecosystem services supply in China. It is of great significance to the grassland management to determine the changing trend of grassland productivity and its response to climate change. The simulated results show that there would be an upward trend of annual average temperature with an increment of 0.1 ∘ C-0.3 ∘ C during 2010-2020 ( Figure 2 ). In addition, the simulated results indicate that the annual average temperature shows a trend of fluctuation; the effects on temperature decrease gradually from west to east and climb up first then decline step by step from north to south. The annual average temperature changes significantly in the northwest of Mongolia in which grassland distributes the most; the temperature increased by 0.3 ∘ C and was higher than other regions. Besides, in a small area near the sea in the northeast, the temperature shows a trend of decline; it fell by 0.1 ∘ C approximately. At the same time, we found that the areas which experience the most serious grassland degradation are mainly distributed in Alli county, Ada Chad's county, and Altay city. Meanwhile the change of annual average temperature of these areas happens to be the most obvious; it indicates that the grassland degradation has a great influence on the local temperature change in Mongolia.
It fully illustrates that grassland plays an important role in regulating temperature. In order to predict the trend of future temperature in Mongolia, we use the same method to simulate the effects of grassland degradation on the average annual temperature from 2040 to 2050; the simulated result showed that there would be a upward trend of annual average temperature with an increment of 0.1-0.4 ∘ C during 2040-2050 (Figure 3 ). The effects of temperature decrease gradually from west to east and climb up first then decline step by step from north to south. Compared with the simulated result of 2010-2020, it can be seen clearly from Figure 3 that the annual average temperature rising areas increased significantly and the areas are mainly concentrated in northwestern and central regions of Mongolia; the rising of annual average temperature was about 0.1 ∘ C. Besides, the temperature decreases by about 0.1 ∘ C in some areas of southwestern and eastern regions of Mongolia. In summary, as a grassland dominated country, grassland plays an important role in regulating the climate; the impacts of future grassland changes on climate should be concerned highly in Mongolia. pattern of the annual average precipitation in Mongolia. The simulated result during 2010-2020 indicates that the degradation of grassland will make the annual average precipitation in the northwestern and eastern parts of Mongolia decrease by more than 40 mm (Figure 4) . Besides, the annual average precipitation in the central part of Mongolia will also decrease by more than 20 mm. However, the degradation of grassland will make the overall annual average precipitation in the simulated area decrease by 25 mm.
Effects on the
In comparison, the simulated results during 2040-2050 indicated that the overall effects of the grassland degradation on the annual average precipitation are as significant as 6 Advances in Meteorology those during 2010-2020. The grassland degradation will make the annual average precipitation decrease by 15 mm to 50 mm; in most parts of Mongolia, there has been a decrease in the tendency of annual average precipitation from the eastern and western to the central areas; the minimum average annual precipitation is 15 mm (Figure 5 ). The most obvious decrease of annual average precipitation occurs at the northwestern and eastern parts of Mongolia, but in the central part the change is relatively slow. According to the grassland distribution of Mongolia in 2010, the areas in which the annual average precipitation changes the most happen to be the grassland degradation areas it shows that the expansion and degradation of the grassland; have a significant impact on the local precipitation.
Effects on the Monthly Average Temperature and Precipitation.
The effects of grassland degradation on the monthly average temperature vary from month to month during 2010-2020 and 2040-2050. The simulated result indicated that the overall trends of the monthly average temperature in the above two periods are basically the same and have the obvious seasonal characteristics. Grassland degradation has a significant impact on the temperature in Mongolia; the change range of monthly average temperature is 0.025-0.075 ∘ C; compared to the baseline data of 2010 and 2040, the monthly average temperature increases continually, and the rate of change increases first then decreases; the maximum change of monthly average temperature appears in July with 0.075 ∘ C, the minimum change of the average temperature occurs in December and January, and the change range is between 0.025 to 0.03 ∘ C (Figure 6 ). The simulated result about monthly average temperature further confirmed the above results; grassland degradation would lead to higher temperature, and the more serious the degradation is the greater the temperature rising is.
The areas of cropland in Mongolia is large, owning to the drought; in the recent 10 years, there has been a sharp decrease of cropland areas from 1.3 million hectares to 0.9 million hectares in the 1990s. So the effects of degradation on the monthly average precipitation are more significant than that on the monthly average temperature. Overall, the change trends of the monthly average precipitation during 2010-2020 and 2040-2050 are basically the same and have the seasonal variation phenomenon; the simulated results show that the precipitation in summer is significantly higher than in winter and the range of monthly average precipitation variation is −3 mm to 5 mm ( Figure 7) ; it can be seen clearly that precipitation change is obvious in June-August; the monthly average precipitation in the three months is 3-5 mm higher than the baseline year, but in the other months the monthly average precipitation is lower than the baseline. It illustrates that grassland degradation has direct and indirect impact on the precipitation, which is directly related to the local agricultural production and income.
Conclusion and Discussion
This study analyzed the interaction effects between the grassland degradation and the climate change on the basis of the WRF model at the national levels and assessed the effects of grassland degradation on the annual and monthly average temperature and precipitation in Mongolia. Despite some limitations due to the spatial resolution of the data and long simulation time, the data are still helpful in assessing the impacts of the grassland degradation on the climate change. The results indicate that grassland degradation has an obvious effect on the regional temperature and precipitation in the next 40 years in Mongolia and the effects have spatial and temporal heterogeneity. Annual average temperature and precipitation change significantly from April to September; the maximum change is in July. The comparison between the simulated test and control test showed that, under the condition of grassland degradation, the areas in which the annual average temperature change obviously are mainly concentrated in the northwest, southeast, and middle-east of Mongolia, the annual average temperature change is approximately −0.1 ∘ C-0.4 ∘ C. In about 70% of areas in Mongolia; the annual average temperature change is 0.1 ∘ C-0.3 ∘ C. Besides, annual average precipitation change in Mongolia has obviously regional and seasonal characteristics. Overall, there has been a falling trend of average annual precipitation change in most regions of Mongolia; the most significant changes are in July and August, and change values are 30-50 mm. According to the analysis of the monthly average temperature and precipitation, the comparison between the simulated test and control test showed that in July and August the monthly average temperature rose most obviously; the change value is 0.06 ∘ C-0.075 ∘ C. In winter the temperature 8 Advances in Meteorology rose relatively slow, with change value of about 0.02 ∘ C-0.03 ∘ C. The most obvious change of monthly average precipitation is from April to September; the change value is 2-5 mm.
The impact of grassland degradation on the climate change ought to be comprehensive; in this study we only consider the impact of grassland degradation on temperatures and precipitation, while, without report on the energy balance, circulation, monsoon, and other climate factors, this may lead to incomprehensive analysis of the impacts. And there are still some shortages in this study. Firstly, the climate effect could be caused by some other factors except for grassland degeneration, such as solar activity and other human activities, while only the grassland degeneration has been taken into account in this study, so more factors could be included in further research. Secondly, some uncertainties exist in the simulated test. The uncertainness may come from data, parameterization, and WRF model itself. So there is still further work to do in order to get more accurate results in the future research.
